Background: Increasing evidence suggests that levels of pro-inflammatory and anti-inflammatory cytokines are dysfunctional in alcohol dependence. Moreover, some initial findings demonstrate that these adaptations in peripheral inflammation may contribute to motivation for alcohol and problem drinking via possible direct effects or the indirect effects of stress responsivity. Importantly, the role of pro-inflammatory and anti-inflammatory cytokines in the progression from healthy to problem drinking is not well understood. The aim of this study was to assess whether alcohol-related peripheral immune system changes affect stress and alcohol cue-induced craving and anxiety and behavioral alcohol motivation and intake in the laboratory among problem drinkers compared with socially drinking controls.
P
ROBLEM DRINKING IS considered a risk factor for the development of alcohol dependence (Halme et al., 2008) . Understanding some of the mechanisms that underlie the progression from social to problem drinking is therefore of importance, as it may allow for the identification of potential intermediary check stops on the way to alcohol dependence. This may aid in the development of novel and effective treatment strategies.
Increasing evidence suggests that levels of pro-inflammatory and anti-inflammatory cytokines are distorted in alcohol dependence. For example, peripheral immune system inflammation has been associated with chronic consumption of alcohol as well as alcohol dependence in individuals with and without liver disease (Christensen and Kessing, 2001; Laso et al., 1999 Laso et al., , 2007 . Moreover, a polymorphism in the interleukin-10 (IL-10) cytokine gene has been found to be more prevalent in alcoholics, suggesting that cytokine gene expression may be associated with the risk for development of alcohol dependence (Marcos et al., 2008) . In light of findings from both clinical and preclinical research in the last decade, there is evidence to support several processes through which peripheral cytokines may impinge upon drinking behaviors in humans.
First, adaptations within selective peripheral cytokine markers may be linked to the etiology of negative affective mood states that are similar to those associated with the negative reinforcing effects of alcohol. For example, pathological activation of inflammatory mediators such as tumor necrosis factor-alpha (TNFa) and IL-6 is associated with depressive symptoms in chronically ill patients (Maes et al., 2009) , and treatment of patients with pro-inflammatory cytokines (Dunn et al., 2005) can produce similar deleterious moods to those associated with negative reinforcement for alcohol during withdrawal (Fox et al., 2007; Litt and Cooney, 1999) . In terms of a potential mechanism, more recent studies have indicated that artificially induced peripheral inflammation modulates extracellular norepinephrine and amygdaloid pro-inflammatory mRNA levels, serving to increase hypothalamic corticotropin-releasing factor, depressive symptoms, and negative affect (Bienkowski and Rinaman, 2011; Engler et al., 2011; Serrats and Sawchenko, 2006) . Second, changes in peripheral immune system cytokines may also underpin the ability to regulate emotionally and cognitively in the face of stress. For example, studies have shown that enhanced systemic inflammation caused by bacterial endotoxin has potent modulatory effects on neural circuits and processes robustly associated with both affective processing and regulation, including insula, cingulate, and amygdala (Hannestad et al., 2012b; Harrison et al., 2009) . Endotoxin-induced changes in glucose metabolism have also been documented within insula and subgenual anterior cingulate regions (Hannestad et al., 2012b; Harrison et al., 2009 ) associated with impulse control as well as regulatory control of emotion, interoception, and depressive symptoms (Baune et al., 2010; Craig, 2003; Inagaki et al., 2012) .
Notably, extensive clinical and experimental data exist indicating that both negative affect and ability to regulate in the face of stress and challenge are particularly pertinent to the development of addictive processes (Sinha, 2001 ). This may be due to the fact that stress and negative mood are pivotal in depleting psychological resources required for effective emotional control and impinge upon behaviors important in addiction outcomes, such as impulse control, organizational skills, and decision making (Blume and Marlatt, 2009) .
While recent evidence suggests a prominent role for immune system adaptations in early abstinent alcoholics (Fox et al., 2010b) , very little is known about whether peripheral cytokines are altered in nondependent "at-risk" drinkers and whether they may play a role in alcohol craving and intake. To examine this, we extended our well-validated laboratory paradigm used to model stress-related craving (Fox et al., 2005 (Fox et al., , 2007 (Fox et al., , 2010a Sinha, 2007; Sinha et al., 2003 Sinha et al., , 2009 ) by incorporating the well-established alcohol taste test (ATT), based on previous work by Marlatt and colleague (Caudill and Marlatt, 1975) , and further adapted in our stress and cue paradigm to assess alcohol motivation and intake (Blaine et al., 2016; Sinha et al., 2013) . Changes in plasma levels of pro-inflammatory (TNFa, IL-6) and antiinflammatory (interleukin-1 receptor antagonist ) cytokines were examined, as these markers are known to readily cross the blood-brain barrier (Banks, 2005; Pan et al., 2011) , are strongly linked with mood-related disorders (Abbott et al., 2015; Eyre et al., 2016; Hayley, 2011) , and are known to exert changes in neural circuitry associated with the development and regulation of mood (Hannestad et al., 2012a; Harrison et al., 2009 ). All participants were recruited from a community sample of nondependent drinkers to better clarify the immune-endocrine and psychological mechanisms underlying problem drinking.
MATERIALS AND METHODS

Participants
Twenty-six problem drinkers and 38 moderate nonsmoking social drinkers participated in this study. The study sample was part of a larger study assessing alcohol craving and behavioral alcohol motivation among moderate and binge/heavy alcohol users (Blaine et al., 2016; Sinha et al., 2013) . All participants were recruited from the New Haven area via advertisements placed online or in local newspapers, community centers, and local radio. Eligibility was ascertained via an initial phone screen. All participants had to be between the ages of 18 and 45 years and able to read and write in English to at least a 6th grade level and meet stringent health requirements assessed by a specialist research nurse. All participants were required to meet criteria for moderate drinking as a minimum requirement. This was defined as not exceeding 7 standard drinks per week for women and 14 per week for men in the last year (NIAAA, 2005) . A binge pattern was also acceptable (5 or more drinks in men; 4 or more drinks in women). While current or past alcohol abuse was acceptable, all participants were excluded if they met current dependence criteria for alcohol, or if they met current criteria for any psychiatric disorders. They were also excluded if they met current abuse criteria for any other substance, including nicotine, prescription opiates, methadone, or medications for other acute or chronic psychiatric and/or medical conditions. Such recruitment criteria allowed for the subsequent assessment of regular, nondependent drinkers with the recommended levels of hazardous and nonhazardous drinking (Babor et al., 2001 ) (see Defining Moderate and Problem Drinking section).
All participants gave both written and verbal informed consent, and the study was approved by the Human Investigation Committee of the Yale University School of Medicine.
Screening and Intake Procedures
Potential subjects completed an initial screening over the telephone to determine eligibility based on inclusion/exclusion criteria. Following initial eligibility screening, participants were scheduled for two 2-hour assessment and evaluation sessions conducted at the Yale Stress Center at 2 Church Street South. During the first session, participants completed consent forms as well as medical, substance abuse, and psychiatric health assessments including the Alcohol Use Disorders Identification Test (AUDIT; Babor et al., 2001) , the Cornell Medical Index, and the Structured Clinical Interview for the Diagnostic and Statistical Manual (First et al., 1995) . The Time-Line Follow-Back interview method (Sobell et al., 1988) was used to assess recent amounts and frequency of alcohol consumed and pattern of binge drinking in the previous 90 days and to assess other illicit drugs and nicotine use in subjects. During the second intake session, participants completed baseline demographic and drug use questionnaires. Following this, participants received a physical examination with a research nurse specialist assessing cardiovascular, renal, hepatic, pancreatic, hematopoietic, and thyroid function, to ensure all participants were in good health. During both appointments, subjects underwent breath alcohol testing and urine toxicology screens to confirm self-report of alcohol and drug information.
Following intake sessions, participants were admitted for a 3-day, 2-night stay at the Yale Center for Clinical Investigation (YCCI) located at the Yale New Haven Hospital, as part of a larger 3-day laboratory study assessing stress system function and alcohol motivation and intake in a range of social drinkers. On the day prior to the laboratory challenge studies, participants received both imagery and relaxation training and were familiarized with all laboratory procedures. Laboratory challenge procedures were then conducted across 3 consecutive afternoons. During these sessions, all participants were exposed to 3 personalized 5-minute imagery conditions (stress [S], neutral [N] , and alcohol cue [C] ), presented across 3 consecutive days, 1 per day in a randomized and counterbalanced order (see below for detailed description of laboratory challenge procedure).
Defining Moderate and Problem Drinking
Alcohol Use Disorders Identification Test. The AUDIT is a 10-item screening instrument designed to identify drinking behaviors and distinguish between low-risk drinkers and individuals with hazardous and harmful patterns of alcohol consumption in order to provide the appropriate intervention. Decades of research has found the AUDIT to be an accurate measure of assessing risk of alcohol problems across gender, age, and cultures (Babor et al., 2001) . It has high test-retest reliability (Daeppen et al., 2000) and internal consistency reliability (Ivis et al., 2000) . Typically, scores >8 on the AUDIT have been used to indicate at-risk alcohol use (Babor et al., 2001) . However, data from recent review studies that have compared AUDIT scores with defined alcohol-related problems show that lower scores may represent a more appropriate cutoff for identifying both harmful and hazardous use in women (Bradley et al., 1998) . As such, in this study, the AUDIT score cutoff for problem drinking was 8 for men and 7 for women. All participants recruited into the study completed the AUDIT during the first intake session and were subsequently grouped by the AUDIT scores described above.
Script Development
Imagery script development was conducted before the laboratory challenges. Procedures are based on methods developed by Lang and colleagues (Lang et al., 1980 (Lang et al., , 1983 and further adapted in our previous studies (Fox et al., 2005; Sinha et al., 1992 Sinha et al., , 2000 Sinha et al., , 2003 Sinha et al., , 2009 . Briefly, the stress imagery script was based on subjects' descriptions of a recent personal stressful event that made them so "sad, mad, or upset," that they were not able to control themselves in the moment, and that was experienced as "most stressful." "Most stressful" was determined by having the subjects rate their perceived stress on a 10-point Likert scale, where 1 = not at all stressful and 10 = the most stress they felt recently in their life. Only situations rated as 8 or above were accepted as appropriate for script development (e.g., being fired from their job, marital conflict situation). The alcohol cue scripts were developed by having subjects identify a recent situation that included alcohol-related stimuli and resulted in subsequent alcohol use (e.g., walking by their favorite bar; watching others drink alcohol). Alcohol-related situations that were associated with negative affect or psychological distress were not allowed. A neutral nonphysiologically arousing, and nonalcohol-related script was developed from the subjects' description of a personal, relaxing situation (e.g., being at the beach; fall afternoon reading at the park). In addition to the script development, participants were also brought into the testing room, to acclimatize them to specific aspects of the study procedures including the subjective rating forms and training in relaxation and imagery procedures, as previously described in Sinha and colleagues (2003) .
Laboratory Challenge Procedures
On each day, participants were brought into the testing room at 2:00 PM, after eating a light lunch at noon. After settling into a sitting position in a hospital bed, a heparin-treated catheter was inserted by the research nurse in the antecubital region of the subject's nonpreferred arm. This was followed by a 40-minute adaptation period during which time subjects were asked to practice relaxation. At 2:40 PM, following the adaptation period, baseline plasma samples were drawn and subjective rating scales administered, following which participants were provided with headphones and exposed to the imagery condition for that day. They were all given the following instructions: "Close your eyes and imagine the situation being described, 'as if' it were happening right now. Let your body and mind get completely involved in the situation, doing what you would do in the real situation." Immediately following imagery exposure, all dependent measures were again collected. In addition, immediately following imagery and assessments, subjects were also presented with the ATT on each day to experimentally assess motivation for alcohol consumption and amount of alcohol consumed after stress, alcohol cue, and neutral imagery exposure as described previously (Beech et al., 2014; Blaine et al., 2016; Sinha et al., 2013) . After the imagery period and ratings of anxiety and craving, subjects were presented with a tray of two 12-oz beer mugs with chilled beer and a glass of water and ice. Subjects then participated in a 10-minute "taste test" in which they were asked to taste the beer in each mug to identify whether the brand and type of beer were the same or different in each mug. They were told that they could drink as much as they wished to make this determination and that they would receive $10 for each day for correct identification of whether the beers were same or different. The amount of beer consumed on each experimental day was recorded as a measure of behavioral alcohol motivation and intake.
Subjective measures of alcohol craving, anxiety, negative mood, and biological stress and immune system measures (plasma TNFa, IL-6, IL-1ra) were collected at 3 time-points: baseline, immediately following imagery exposure, and 10 minutes later after the presentation of the beer glasses (discrete alcohol cue) but prior to the onset of the taste test.
Laboratory Assessments: Immune System Markers Plasma Cytokines. Plasma samples (4 ml) were collected on 3 consecutive days at 3 consecutive time-points: (i) baseline, (ii) immediately following imagery exposure, and (iii) following exposure to a discrete alcohol cue. All plasma samples were collected in heparinized tubes that were immediately placed on ice after drawing. Plasma was subsequently separated by centrifugation at 4°C for 15 minutes at 1,0009g, then aliquoted and stored in polypropylene tubes at À80°C until the time of the assay. TNFa, IL-6, and IL-1ra concentrations were quantitatively determined by enzyme-linked immune-sorbent assays using the Quantikine ELISA Development Kit from R&D Systems (Minneapolis, MN). For TNFa, the assay kit had a sensitivity of 5.5 pg/ml, an assay range of 15.6 to 1,000 pg/ml, and specificity for natural and recombinant human TNFa. For IL-6, the assay kit had a sensitivity of 0.7 pg/ml, an assay range of 3.1 to 300 pg/ml, and specificity for natural and recombinant human IL-6. For IL-1ra, the assay kit had a sensitivity of 18.3 pg/ml, an assay range of 31.2 to 2,000 pg/ ml, and specificity for natural and recombinant human IL-1ra. IL-10 and IL-1b levels were not measured due to the limited sensitivity of the assay for these particular markers. Assaying of all plasma cytokines was conducted at YCCI, Core Mineral Metabolism Laboratory.
Laboratory Assessments: Subjective Alcohol Craving. Visual Analog Scale-Participants were requested to rate the intensity of their desire to use alcohol at that moment using a 10-point visual analog scale (VAS) in which 0 = "not at all" and 10 = "extremely high."
Mood and Anxiety. Anxiety Visual Analog Scale-Participants were requested to rate how tense, anxious, and/or jittery they felt at that moment using a 10-point VAS in which 0 = "not at all" and 10 = "extremely high."
Differential Emotion Scale-The scale comprises 30 adjectives (or items), and participants were required to rate on a 5-point Likert scale the extent to which each word described the way s/he felt at the current time (1 = "not at all" and 5 = "very strongly") (Izard, 1972) . The subscales sadness and anger were collapsed into a Negative Emotion Scale.
Statistical Analyses
All statistical analyses were performed using SPSS software (version 21; SPSS Inc., Chicago, IL). Figures were created with GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA). Between Factors of Group (moderate social drinkers vs. problem drinkers), and Within Factors of Imagery Condition (stress, neutral, alcohol cue), and Time-points (baseline, response to imagery, response to discrete alcohol cue) represented the fixed-effect factors. Participants were the random-effect factor. A compound symmetry covariance structure was applied to all models. Standard regression analyses were also performed to assess whether cytokine adaptations were predictive of alcohol craving and alcohol motivation and intake. A series of t-tests and chi-square analyses were conducted to examine any group variation in demographics. Bonferroni tests were used as adjustments for multiple comparisons.
RESULTS
Participants
Of 64 subjects, 26 met criteria for problem drinking (>8 on the AUDIT for men; >7 on the AUDIT for women). Thirtyeight met criteria for moderate social drinking (≤8 on the AUDIT for men; ≤7 on the AUDIT for women). Participants were predominantly nonsmoking with only 2 smokers in the problem drinking group and 1 smoker in the social drinking group. Both groups of nondependent drinkers were statistically matched for all demographic factors with the exception of quantity and frequency of alcohol use (see Table 1 ).
Immune System Measures
Interleukin-6. Differences Between Problem and Moderate Social Drinkers in Interleukin-6-A main effect of group at baseline, F(1, 61) = 8.5, p = 0.005, indicated that tonic levels of IL-6 were significantly lower in the problem drinkers compared with the moderate social drinkers, across all 3 consecutive days (Fig. 1A) . Following exposure to all 3 imagery conditions, the main effect of group was still observed, F(1, 61) = 6.3, p < 0.02, again showing attenuated levels of IL-6 in the problem drinking group compared with the moderate social drinkers (Fig. 1B) . To ascertain the extent to which these IL-6 changes were a function of tonic adaptations, a second analysis was conducted with the baseline included as a covariate. After controlling for baseline variation, no significant differences in response to imagery conditions between groups were observed.
Interleukin-1 Receptor Antagonist. Differences Between Problem and Moderate Social Drinkers in Interleukin-1 Receptor Antagonist-A main effect of group at baseline, F(1, 61) = 4.8, p = 0.03, indicated that tonic levels of IL-1ra were also attenuated in the problem drinkers compared with the moderate social drinkers, across all 3 consecutive days (Fig. 1C) . Following exposure to all 3 imagery conditions, a significant main effect of group, F(1, 62) = 4.5, p < 0.04, again indicated attenuation in the problem drinkers compared with the controls across all 3 imagery conditions (Fig. 1D) . To examine whether this phasic down-regulation was a function of tonic adaptations, a second analysis was conducted including the baseline as a covariate. A significant Group 9 Imagery condition interaction, F(2, 268) = 4.4, p = 0.01, indicated that problem drinkers continued to demonstrate an attenuated IL-1ra response following exposure to the cue condition (p = 0.03).
Tumor Necrosis Factor-Alpha. Differences Between Problem and Moderate Social Drinkers in Tumor Necrosis FactorAlpha-No significant main effects and/or interactions were observed for TNFa levels, either at baseline or following imagery exposure.
Subjective Measures
Alcohol Craving and Intake. Alcohol Craving-Following exposure to all 3 imagery conditions, a significant Group 9 Condition 9 Time-point interaction was observed for alcohol craving, F(4, 494) = 3.2, p = 0.01 ( Fig. 2A,B) . This indicated that the problem drinkers reported significantly elevated alcohol craving across all 3 imagery conditions at the third time-point, following the presentation of beer, compared with the moderate social drinkers (stress: p = 0.003; cue: p = 0.02; neutral: p = 0.03). In addition, problem drinkers reported higher craving at the second timepoint immediately following stress imagery exposure compared with the moderate social drinkers (p = 0.007). No group differences were observed at baseline. While both groups reported significantly higher craving in the cue compared with the neutral condition immediately following imagery exposure (problem drinkers: cue>neutral, p < 0.0001; moderate social drinkers: cue>neutral, p < 0.0001), and following presentation of beer (problem drinkers: cue>neutral, p = 0.03; moderate social drinkers: cue>neutral, p = 0.01), only the problem drinkers reported higher craving following stress imagery, both immediately after imagery presentation (stress>neutral, p < 0.0001) and 10 minutes later following presentation of the beer (stress>neutral, p = 0.04).
Alcohol Taste Test-Following exposure to all 3 imagery conditions and a discrete alcohol cue, the problem drinkers consumed significantly more beer during the ATT compared with the moderate social drinkers, F(1, 62) = 11.5, p = 0.001 (Fig. 2C) .
Mood and Anxiety. Anxiety-A significant main effect of Group, F(1, 62) = 11.6, p < 0.0001, showed that the problem drinkers reported elevated anxiety compared with the moderate social drinkers across all imagery conditions and time-points. An additional Group 9 Condition interaction, F(2, 493) = 7.5, p = 0.001, further indicated that this interaction effect was due to the response to the stress imagery condition, where the problem drinkers reported significantly higher anxiety compared with the moderate social drinkers (p < 0.0001) (see Fig. 3A ). As anticipated, both groups reported higher anxiety following stress compared with both the neutral imagery conditions (p < 0.0001, in all cases).
Negative Mood (Sadness, Anger-Differential Emotion Scale)-A significant Group 9 Imagery Condition 9 Time-point interaction, F(4, 494) = 3.7, p = 0.006, indicated that the problem drinkers reported higher ratings of negative mood following exposure to stress imagery compared with the moderate social drinkers, both immediately following stress exposure (p < 0.0001) and 10 minutes later following beer presentation (p < 0.0001). While both groups reported higher negative mood in the stress compared with the cue and neutral conditions immediately following imagery presentation (p < 0.0001, in all cases), only the problem drinkers continued to report elevated negative mood 10 minutes later following exposure to the discrete alcohol cue, compared with both the cue (p < 0.0001) and neutral (p < 0.0001) conditions (Fig. 3B,C) .
Cytokine Alterations and Prediction of Alcohol Motivation and Intake. IL-6 and Alcohol Motivation and Intake- Fig. 1 . IL-6 levels at (A) BASELINE and (B) in RESPONSE to stress, neutral, and alcohol cue-guided imagery in problem and social drinkers. IL-6 levels were lower in problem compared to social drinkers across all conditions. IL-1ra levels at (C) BASELINE and (D) in RESPONSE to stress, neutral, and alcohol cue-guided imagery in problem and social drinkers. IL-1ra levels were lower in problem compared to social drinkers across all conditions. Data are displayed as mean AE SEM.
Standard linear regression models indicated that basal levels of IL-6 were significant predictors of IL-6 response immediately following imagery exposure in all 3 imagery conditions (stress: b = 0.9, t = 14.6, p < 0.0001), (cue: b = 1.03, t = 18.8, p < 0.0001), and (neutral: b = 0.8, t = 10.1, p < 0.0001). Positive beta values showed that attenuated levels of IL-6 at baseline predicted attenuated levels of IL-6 following imagery exposure.
Basal levels of IL-6 also predicted elevations in alcohol craving immediately following stress (b = À2.5, t = À2.4, p < 0.02) and cue (b = À2.0, t = À2.0, p < 0.05) exposure, but not after exposure to the neutral imagery condition. Negative beta values indicated that greater attenuation of IL-6 at baseline predicted higher alcohol craving following stress and cue exposure. Low basal levels of IL-6 also predicted increased alcohol craving following stress exposure at the 10-minute recovery time-point following the presentation of beer (b = À2.8, t = À3.0, p = 0.004).
Basal levels of IL-6 also predicted elevations in total amount of alcohol consumed during the taste test following exposure to all 3 imagery conditions: (stress: b = À275.5, t = À2.6, p = 0.01), (cue: b = À192.4, t = À2.1, p = 0.04), and (neutral: b = À261.1, t = À2.7 p = 0.008) (Fig. 4A) . Again negative beta values indicated that the lower the levels of IL-6 at baseline, the greater the amount of alcohol consumed during the taste test and following imagery exposure. Similarly, attenuated basal levels of IL-6 also predicted drinking behaviors following exposure to stress, including a greater number of times the participants either touched (b = À13.2, t = À3.1, p = 0.003) or picked up (b = À9.4, t = À2.6, p = 0.01) the beer glasses as well as a higher number of sips taken (b = À9.1, t = À2.7, p = 0.008). Following exposure to the cue condition, low baseline levels of IL-6 predicted a greater number of times the participants touched the glasses (b = À8.5, t = À2.3, p < 0.03) or picked up the glasses (b = À6.8, t = À2.1, p = 0.04).
IL-6 and Problem Drinking Measure-Basal levels of IL-6 across 2 of the 3 consecutive experimental days predicted AUDIT scores (Day 1: b = À6.9, t = À2.8, p = 0.007), (Day 2: b = À7.0, t = À2.9, p = 0.005), and (Day 3: b = À2.6, t = À1.0, p = ns). Again, negative beta values showed that the lower the basal IL-6 levels, the greater the severity of problem drinking (as characterized by higher AUDIT scores).
IL-1ra Changes and Alcohol Motivation and Intake-Standard linear regression models indicated that basal levels of IL-1ra were significant predictors of IL-1ra response immediately following imagery exposure in all 3 imagery conditions (stress: b = 0.82, t = 12.6, p < 0.0001), (cue: b = 0.89, t = 14.4, p < 0.0001), and (neutral: b = 0.90, t = 14.6, p < 0.0001). Positive beta values showed that attenuated levels of IL-1ra at baseline predicted attenuated levels of IL-1ra following imagery exposure.
Basal levels of IL-1ra predicted elevations in alcohol craving immediately following exposure to stress imagery (b = À2.5, t = À1.9, p = 0.05) (Fig. 4B) but not following exposure to cue or neutral imagery. Again, negative beta values indicated that greater attenuation of basal IL-1ra predicted a higher reported alcohol craving following stress. Basal levels of IL-1ra did not predict either level of alcohol consumption or drinking behaviors following exposure to imagery.
IL-1ra and Problem Drinking Measure-Basal levels of IL1ra predicted AUDIT scores across all 3 days (Day 1: b = À8.2, t = À2.4, p < 0.02), (Day 2: b = À7.2, t = À2.2, p = 0.03), and (Day 3: b = À8.8, t = À2.4, p < 0.02). As such, basal levels of IL-1ra averaged across all 3 days predicted AUDIT scores (b = À8.3, t = À2.9, p < 0.02) (Fig. 4C) . The lower the basal IL-1ra levels, the greater the AUDIT scores.
Tumor Necrosis Factor-Alpha and Alcohol Motivation and Intake. Tumor Necrosis Factor-Alpha-Baseline or response measure was not predictive of subjective alcohol craving or behavioral alcohol motivation and intake.
DISCUSSION
Findings from the current study show that problem drinkers potentially "at risk" for alcohol dependence demonstrated suppressed pro-and anti-inflammatory markers at baseline compared with moderate social drinkers. This suppression persisted following exposure to stress, cue, and a discrete alcohol cue despite problem drinkers reporting elevated levels of stress-induced anxiety, negative mood, and craving. Notably, this dampened biological response was predominantly a function of diminished immune system tone. In support of this, basal changes in pro-inflammatory IL-6 predicted not only an elevated desire for alcohol following stress and cue imagery, but also subsequent behavioral alcohol motivation assessed by the amount of alcohol consumed in the ATT. Similarly, basal changes in the antiinflammatory marker IL-1ra also predicted elevated craving for alcohol following stress. This suggests that peripheral cytokines may play a motivational role in the development of addictive behaviors characterized in the current study by subjective stress-induced and cue-induced craving as well as objective levels of alcohol consumption. While future research is encouraged to more fully understand the allostatic mechanisms driving this down-regulation in both pro-and anti-inflammatory markers, preliminary data from the current study do suggest that tonic and phasic suppression in selective peripheral cytokine markers may represent salient indicators of risk in vulnerable drinkers.
As low levels of both IL-1ra and IL-6 were associated with craving and drinking in the current study, such changes may reflect a chronic inflammatory state. As IL-1ra competitively binds to the IL-1 cell surface receptor and counteracts the inflammatory effects of IL-1, low levels may be an indirect sign of increased peripheral inflammatory activity in the current problem drinkers (Charles et al., 2011) . Moreover, this shows some consistency with prior studies that have documented an increased peripheral pro-inflammatory state via changes in similar cytokine markers, within alcohol-dependent individuals. For example, attenuated levels of the anti-inflammatory IL-10 have been observed following early abstinence in cocaine-dependent individuals (Fox et al., 2012) , alcoholics free of liver pathology (Gonzalez-Quintela et al., 2000) , and abstinent alcoholics without anxiety and/or mood disorders (Fox et al., 2010b) . Of note, IL-10 levels were not obtained in the current study of nondependent social and problem drinkers and should be examined in future studies.
With regard to attenuated levels of IL-6, the interpretation of a chronic inflammatory state is far more complex due to the fact that IL-6 mediates both pro-and anti-inflammatory processes. While the role of IL-6 as the primary stimulator of acute phase proteins is well documented (Volpato et al., 2004) , inducible IL-6 has also been shown to down-regulate levels of pro-inflammatory markers and stimulate antiinflammatory cytokines (Gabay, 2006) . Prolonged activation of IL-6 has also been shown to mimic the anti-inflammatory effects of IL-10 (Yasukawa et al., 2003) . The preclinical literature also provides some support for the suppression of IL-6 by alcohol showing acute ethanol exposure to suppress IL-6 production by alveolar macrophages in response to endotoxin (Karavitis et al., 2008) , and further, that binge drinking models in mice suppress serum levels of IL-6 (Bhatty et al., 2011; Pruett et al., 2004) . Conversely, while many clinical studies have typically shown affective disorders to be characterized by high levels of IL-6, it is worth noting that the problem drinking group did not meet criteria for current mood and anxiety disorders, suggesting that the relative contribution of drinking and mood on IL-6 adaptations may be very different.
It is also important to note that no tonic or phasic adaptations in the pro-inflammatory cytokine TNFa were observed in problem, compared with moderate social drinkers. Much prior research has shown that elevations in TNFa are particularly associated with the development and regulation of deleterious mood in both laboratory animals and clinical populations. Pathological activation of TNFa associated with depressive symptoms in chronically ill patients (Maes McNally et al., 2008) . Other methodological paradigms have also produced findings showing that the treatment of both patients (Dunn et al., 2005) and animals (Salome et al., 2008; Silverman et al., 2007) with pro-inflammatory cytokines, such as TNFa, produces depressive and deleterious moods similar to those known to underlie the stress-induced alcohol craving state (Fox et al., 2007; Litt and Cooney, 1999) . Again, 1 tentative explanation for the current findings in problem drinkers may be that elevated TNFa, similar to elevated IL-6, is associated selectively with the mood-related aspects of craving, which are sensitized to a greater extent during early abstinence in dependent, rather than nondependent problem individuals.
Current findings also show that problem drinkers demonstrate a stress-related craving state similar, but less robust, to that observed in early abstinent alcoholics, and which is defined by sensitized negative mood and anxiety compared with socially drinking controls (Fox et al., 2007; Sinha et al., 2009 Sinha et al., , 2011 . Furthermore, in contrast to previous findings in abstinent alcoholics, the current problem drinkers demonstrated an alcohol cue-related craving state that was not characterized by elevations in either anxiety or negative mood. For example, the problem drinkers reported no negative emotional or anxiety response to the alcohol cue condition, which commonly reflects a variant stressor in dependent individuals. In this case, findings correspond more to prior results seen in moderate and social drinkers (Sinha et al., 2009 (Sinha et al., , 2011 , where the cue imagery condition does not induce negative emotions. While variation in the anxiety response to stress may reflect severity of alcohol consumption, the qualitatively different response to alcohol cue imagery is more likely related to the continued use of alcohol in the current problem drinkers. In previous studies examining the nature of alcohol cue response in early abstinent alcoholdependent individuals, the desire for abstinence alongside alcohol cue imagery and beer cues is likely to create conflicting negative appetitive goals that are not as pertinent to active drinkers. Interestingly then, attenuation of immune system markers may highlight a mechanism underpinning both stress-related and reward-related motivation for alcohol in actively drinking vulnerable populations.
Although the current study only examined peripheral levels of pro-inflammatory (TNFa, IL-6) and anti-inflammatory (IL-1ra) cytokines, these markers are known to readily cross the blood-brain barrier (Banks, 2005; Pan et al., 2011) and hence can serve as indirect markers of brain levels. Moreover, these immune system cytokines are strongly linked with mood-related disorders (Abbott et al., 2015; Eyre et al., 2016; Hayley, 2011) and chronic peripheral immune system adaptations may impinge upon central neural systems that underlie regulatory function, goal-oriented behaviors, and impulse control. Again, while the precise mechanisms are not well understood, acute artificially induced peripheral inflammation has been shown to increase deleterious mood and also to exert adaptations within regions of the prefrontal cortex implicated in inhibitory regulation (Hannestad et al., 2012b; Harrison et al., 2009) . Similarly, inflammation-induced poor mood change has been associated with reduced connectivity of the subgenular anterior cingulate to amygdala, medial prefrontal cortex, and nucleus accumbens (Harrison et al., 2009 ), brain regions important in addiction. While the current study has observed a dampening of peripheral cytokines, these include antiinflammatory markers. Hence, a global and complex adaptation of the immune system in problem drinkers could be altering central nervous system functioning that regulates mood and inhibitory control and therefore directly affecting alcohol-related behaviors.
While this is one of the first studies to characterize immune system changes underlying stress-and cue-related alcohol craving in problem drinkers, some caution must be taken with regard to interpretation, due to methodological limitations. First, while the current study has shown that immune system adaptations may predict provoked craving and drinking within the laboratory, more research is clearly needed to assess whether these changes additionally extend to predicting clinical outcome in problem drinkers, beyond the laboratory. This may include assessing whether peripheral cytokines predict lapse to alcohol, drinking severity, and/or abstinence in individuals wanting to quit. Second, systematically examining immune system adaptations in problem drinkers following incremental periods of abstinence may also be required to provide a more complete assessment of cytokine adaptations with regard to their function in addiction risk and recovery. Also, a better understanding is needed of whether this altered immune system state in problem drinkers reflects an underlying predisposition to drinking or whether it is an outcome of high drinking levels. Third, while both groups were statistically matched for number of men and women in the present study, important sex differences may exist in peripheral cytokines in problem drinkers. As sex-specific differences are observed during early abstinence from alcohol and drugs, as well as in the development of addiction, there is a need to more thoroughly examine sex differences in a larger sample of male and female social and problem drinkers. Last, although it is important to look at cytokines as markers of drinking, it would be important to understand more specifically the mechanisms that underlie these processes. Despite these limitations, this study highlights important immune system aspects of stress-and cuerelated motivation for alcohol and drinking in nondependent problems drinkers. While, similar to alcoholics, problem drinkers show a sensitized craving response to both stress and alcohol cue, unlike abstinent alcoholics they demonstrate less sensitized anxiety to stress, and no negative mood response or anxiety to alcohol cue. They do, however, show robust adaptations to tonic levels of specific peripheral cytokines including IL-6 and IL-1ra, which predict both stress-and reward-related aspects of craving and drinking. As such, selective peripheral cytokines may reflect efficacious targets for therapeutic intervention in "at-risk" problem drinkers.
